We report an observation of a highly anisotropic Dirac-cone structure, and its unconventional electronic behaviors, in high quality SrMnBi 2 crystal by angle-resolved photoemission spectroscopy measurement. We observed a well-defined sharp quasiparticle peak in a wide energy range, linearly dispersive, forming a highly anisotropic holelike Dirac cone (v F 1 /v F 2 ∼ 5-6). The density of state remains linear, and the scattering rate of the quasiparticle increases linearly as a function of binding energy up to higher binding energy. The results contrast with the expectation for a two-dimensional (2D) or three-dimensional (3D) Fermi-liquid theory and rather suggest the existence of a two-dimensional electron gas system in this 3D material, making SrMnBi 2 a potentially useful 2D-electron-gas-encapsulated material. The description of condensed matter systems in the manybody limit is simplified by using the concept of quasiparticles (QPs), which represent an elementary fermionic excitation behaving like a particle [1] [2] [3] . In a Fermi liquid (FL), these QPs have a finite lifetime decreasing quadratically with energy [4, 5] . Despite recent enthusiasm generated by the discovery of a plethora of new materials exhibiting Dirac cones with exotic properties [6] [7] [8] [9] , how the concept of QPs can be extended to low-dimensional systems characterized by Dirac physics remains unclear.
The description of condensed matter systems in the manybody limit is simplified by using the concept of quasiparticles (QPs), which represent an elementary fermionic excitation behaving like a particle [1] [2] [3] . In a Fermi liquid (FL), these QPs have a finite lifetime decreasing quadratically with energy [4, 5] . Despite recent enthusiasm generated by the discovery of a plethora of new materials exhibiting Dirac cones with exotic properties [6] [7] [8] [9] , how the concept of QPs can be extended to low-dimensional systems characterized by Dirac physics remains unclear.
Recently, Dirac-particle behavior with linear energy dispersion was predicted and observed in SrMnBi 2 and CaMnBi 2 [10, 11] . Indeed, large magnetoresistance, high mobility, and small cyclotron resonant mass suggest the existence of Dirac fermions in these materials [12, 13] . Unlike the nearly symmetric Dirac cones in graphene though, angle-resolved photoemission spectroscopy (ARPES) measurements in SrMnBi 2 [11] reveal a strong anisotropy in the Dirac-cone dispersion, which local-density approximation (LDA) calculations attribute to the Bi 6p orbitals in the SrBi layer [11, 12, 14] . Both ARPES and thermopower measurements have reported the existence of small Fermi surface (FS) with linear dispersion, but are conflicting on the sign of carriers [11, 14] . Quantum oscillation experiments also suggest a small FS compatible with Dirac points in the vicinity of the Fermi energy (E F ) [10] .
In this paper, we report an observation of a two-dimensional (2D) electron gas (2DEG) on a bulk material. The detailed ARPES study on bulk material SrMnBi 2 reveals a highly anisotropic Dirac fermion in the Bi square net. Dirac-cone-like linear dispersions were observed with highly anisotropic Fermi velocities v F 1 /v F 2 ∼ 5-6. In a wide energy range (∼650 meV), we observed a well-defined quasiparticle peak with nearly energy-independent scattering rate (inverse of linewidth), and linear increasing density of states (DOS). The energy independent of the QP scattering rate is inconsistent with FL description. All of these observations suggest an unconventional non-FL 2DEG in the bulk system. High quality single crystals of SrMnBi 2 were grown by the flux method. X-ray diffraction data were collected with Cu Kα radiation at room temperature to confirm that the samples are from a single phase. Samples were cleaved in situ yielding a flat (001) surface. ARPES measurements were performed at Renmin University of China using a Scienta R3000 analyzer with a He discharging lamp (He-Iα line, hν = 21.2 eV), at the PGM beamline of the Synchrotron Radiation Center (WI) using a Scienta R4000 analyzer, and at the SIS beamline at Swiss Light Source equipped with a R4000 analyzer. Samples were measured at low temperature with T = 30 K for FS mapping and T = 10 K for high-resolution measurement. The high-resolution ARPES measurements were conducted with energy resolution better than 5 meV and angular resolution better than 0.2
• , which corresponds to a momentum resolution of k 0.009Å −1 at photon energy hν = 30 eV.
The crystal structure of SrMnBi 2 , as shown in Fig. 1(a) , consists of alternating SrBi and MnBi layers, with the unit cell doubling along the c axis due to the opposite orientation of the MnBi 4 tetrahedra. The Bi atoms in the SrBi layer, separated by a distance of 3.239Å, form a square net believed to be responsible for the interesting electronic states near the Fermi energy [14] . Well-defined peaks in the photoemission core level spectrum are displayed in Fig. 1(b) , which can be assigned easily in the 3-30 eV range of binding energy. We note that the clear asymmetry in the Bi 5d peaks comes from the existence of two inequivalent Bi sites [shown as Bi1 and Bi2 in Fig. 1(a) ] in the system. The more dispersive electronic states close to E F are mainly from the Bi 6p 1/2 and the Mn 3d orbitals [14] . Figure 1(c) shows the integrated intensity within ±20 meV of E F , which approximately represents the FS of the material, at low temperature (T = 30 K) and at photon energy hν = 60 eV ( plane), similar FS topology is achieved at hν = 30 eV. As we can see later from Fig. 3(a) , the value of k F of the Dirac-like dispersion remains the same as that in Figs. 1(c) and 2(a), suggesting little k z dependence in the SrMnBi 2 system. From Fig. 1(c) , two kinds of FSs 
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Bi 6p can be distinguished: a large diamond-shaped FS centered at the Brillouin zone (BZ) center ( ) originating from two bands mainly attributed to the Mn 3d orbitals [14] , whose band dispersion will be discussed later in detail, and four small crescentlike FSs located along -M [(0, 0)-(π , π )] and equivalent directions, with their long sides perpendicular to -M. The four small FSs occupy 6.3% of the BZ area. The observed FS topology is consistent with quantum oscillation measurements and LDA calculations in the antiferromagnetic configuration [12, 15] .
We display in Fig. 2 the electronic band dispersion along high symmetry lines at low temperature (T = 30 K) with photon energy hν = 60 eV. The ARPES intensity plot, the corresponding second momentum derivative, and the momentum distribution curves (MDCs) along cut 1, which is along -M and perpendicular to the crescent FS, are shown in Figs. 2(a)-2(c), respectively, to illustrate the band dispersion. We can identify two bands crossing E F near the BZ center: one electronlike band with minimum at and one holelike band, which are marked by dashed lines in Fig. 2(a) . These two bands are mainly from the Mn 3d orbitals located at the MnBi layer, forming the diamondlike FSs shown in Fig. 1(c) . The two bands are nearly coincident at E F , and the corresponding FSs are hardly distinguished from the intensity plot in Fig. 1(c) .
Slightly away from the zone center, two linear bands dispersing in opposite directions converge near E F at k = (0.37,0.37)π/a. More precisely, linear extrapolation indicates that the apex of this Dirac-cone electronic dispersion locates 10 meV above E F . The inner band has lower intensity and is detected from E F to E B ∼ 100 meV. The outer band has higher intensity and a linear dispersion up to about 650 meV of binding energy with a well-defined sharp peak. At binding energy higher than 650 meV, the dispersion starts deviating from a linear dispersion and the peak becomes broader due to the proximity of other bands, as shown in Fig. 3(a) .
Figures 2(d)-2(f) show, respectively, the intensity plot, the second derivative of intensity, and the MDCs along cut 2, the long direction of the crescent. Similarly to cut 1, two dispersion branches with sharp peaks form a Dirac cone with apex slightly above E F . However, the Fermi velocity v F is much smaller along that direction. While we find v F = 8.64 eVÅ (1.3 × 10 6 m/s) along cut 1, which corresponds 035133-2 -0.5
Intensity (arb. units) to ∼1/230 of the speed of light, similar to that of graphene, we determine a velocity about five times slower along cut 2 (V F = 1.78 eVÅ ≈ 1/1100c). The Dirac cone is thus highly anisotropic. Although the existence of an anisotropic Dirac cone in SrMnBi 2 has been previously reported [11] , the FS topology and carrier type are different between our results and that previous report [11] .
In order to study in more detail the sharp dispersive feature associated with the Dirac cone, we recorded additional data along cut 1, using higher energy and momentum resolutions. Figure 3(a) shows the intensity plot at low temperature (T = 10 K) and photon energy hν = 30 eV. Its second momentum derivative intensity plot, displayed in Fig. 3(d) , enhances the bulk bands. From the figures, a linear dispersion is observed over a wide range of energy, practically until the band reaches the bulk bands at high energy ( 650 meV). To characterize the intrinsic properties of this dispersive feature, we removed a constant energy distribution curve (EDC) recorded away from the dispersive band assumed as a momentum-independent background. The result, illustrated in Fig. 3(b) for the linear dispersion part, shows a quite flat background with nearly zero intensity away from the band, as also illustrated by the corresponding background-removed EDCs shown in Fig. 3(e) , thus justifying our approach.
We note that the peak splits by up to 0.016Å −1 close to E F , which was not predicted by LDA calculations [11, 14] . The size of the split decreases with an increase of binding energy and becomes indistinguishable at E B ∼150 meV. This split can be seen in the MDC plots shown in Fig. 4(a) and the corresponding MDC fittings. Although the origin of this splitting remains unclear, we conjecture that it may be caused by bilayer interactions due to the doubling of the unit cell along the c axis, or the Rashba splitting observed in the 2DEG system [16] . We roughly estimate the Rashba energy E R at about 150-200 meV where the splitting becomes indistinguishable, which is indicated by the blue curves in Figs. 4(a) and 4(b). The E R has similar value as observed in other Bi on a Ag(111) surface [16, 17] .
One of our most interesting observations is the nearly energy-independent QP spectral line shape down to about 650 meV of binding energy. Indeed, Fig. 3(c) indicates that the momentum-integrated spectral intensity n θ (ω) ≡ k=k(θ) n(k,ω)dk remains almost constant over a wide energy range, which is consistent with a 2D electron system. The total density of states in a 2D system with linear dispersion ω = ω 0 + v 0 (k − k F ) is linear as a function of binding energy
Noticing that the size of the enclosed constant energy contour increases linearly with binding energy for a Dirac-cone-like dispersion, we thus estimate that the total density of states of the band increases linearly as a function of binding energy, as predicted by Eq. (1), and is not consistent with either 2D/3D Fermi liquid or 3D Dirac-like behavior as listed in Table I . The most striking observation is the QP line shape. As shown in Fig. 3(e) , where we show EDCs with a constant background removed, the QP line shape remains nearly identical in the energy range. Even at E B ∼ 650 meV, the QP line shape is well maintained with a linewidth much smaller than the binding energy. In a 3D FL, the width of the QP ( EDC ), which is related to the MDC width ( MDC ), or the inverse of the QP scattering time ( /τ ), is a quadratic function of binding energy. To check whether SrMnBi 2 can be described in such a framework, we analyzed the QP scattering rate by fitting the high-resolution MDCs along cut 1 and cut 2, as illustrated in the results, a single Lorentzian curve is used to fit the MDCs up to 650 and 350 meV of binding energy along cut 1 and cut 2, respectively. We note that Lorentzian produce much better fits than Gaussian, suggesting that the spectral line shapes are at least not entirely resolution limited.
The values of the extracted QP MDC peak width as a function of binding energy along the two cuts are shown in TABLE I. Density of states for parabolic dispersion and Diraccone-like dispersion at different dimensions.
Dirac dispersion
Parabolic dispersion The intrinsic peak width 0 also has a linear dependence with the binding energy. We estimate the QP lifetime τ ≈ / EDC ∼ 33 fs and the mean free path l = v F τ ∼ 43 nm, comparable to the inelastic mean free path due to electron-electron interactions in graphene [18] .
The linear dependence of the linewidth is not expected by the FL theory, where moderate electron-electron interactions are the dominant term. The linear dependence of the scattering rate in a wide range is inconsistent with the 3D FL theory
Intensity (arb. units) In contrast, this kind of unusual behavior has been observed in other 2D systems such as graphene and layered electron gas [19, 20] , where the mechanism is not well understood yet. In graphene, the unusual linewidth was explained either by the decay channel due to the formation of a plasmon band in a layered electron gas, or by an electron-phonon coupling with linear dispersion, which contributes for only 1/5 of the linewidth value experimentally observed [21] , or by the strong electron-electron renormalization with similarity to the marginal Fermi-liquid (MFL) behavior [20] . It was also proposed that in pure graphene, the electron-electron interaction is a MFL whereas in doped graphene it is a regular 2D FL [22, 23] , but most measurements have actually been performed on unintentionally doped graphene [3] . With consideration of the possibilities in graphene, the linear increase of the linewidth in SrMnBi 2 reflects the electronelectron interactions in a 2D system with a MFL behavior, as observed in undoped graphene.
Although SrMnBi 2 is a 3D bulk crystal, our results suggest that the SrBi layer, which LDA calculations relate to the electronic states forming the Dirac cone, holds an unconventional 2D electron gas. Thus, the SrMnBi 2 provides a clean system with undoped SrBi layers forming a 2D electron gas for the study of low-dimensional systems, and calls for further theoretical and experimental studies.
In summary, we observed highly anisotropic Dirac cones in bulk SrMnBi 2 . Well-defined quasiparticles with linear dispersion are observed over a wide energy range. Their linewidths (inverse of scattering rate) increase linearly with binding energy, and the integrated density of states is also linearly dependent on binding energy. These behaviors suggest the existence of a novel two-dimensional non-Fermi-liquid electron gas in this three-dimensional bulk material.
